Abstract--The Late Westphalian to Artinskian Haushi Group in the Sultanate of Oman consists of the glaciogenic A1 Khlata Formation and the Gharif Formation which contains marginal marine, coastal plain, and fluvial sediments. The sequence was deposited during a global-warming event following the PermoCarboniferous glaciation of Gondwana. Because of a varied subsidence history, these sediments range from the surface in the SE to almost 5000 m in the NW of the basin.
INTRODUCTION
The transformation of smectite into illite in interstratified I-S minerals with depth is a commonly observed phenomenon in siliciclastic sedimentary basins worldwide. The main factors controlling this transformation are potassium availability within the sediments and temperature (Pollastro, 1990; Pollastro, 1993) . Other potentially important factors are time involved in the reaction (Pytte and Reynolds, 1989) , pressure (Colton-Bradley, 1987) , rock/water ratio of the sediments (Freed and Peacor, 1989) , fluid and rock composition (Robertson and Lahann, 1981) , the presence of organic acid anions (Small, 1994) , and the starting composition of the I-S (Rettke, 1981; Pollastro, 1990; Vasseur and Velde, 1993; Wei et al., 1996) .
Starting with the groundbreaking works of Burst (1959 Burst ( , 1969 , Powers (1959 Powers ( , 1967 , Perry and Hower (1970) , Hower et al. (1976) and others in the Gulf Coast area, many studies in sedimentary-basin modeling used various kinetic approaches of the smectiteto-illite transformation to calibrate the thermal history of a basin (Hillier et al., 1995; Essene and Peacor, 1995; EllioU and Mafisoff, 1996) . The following criteria are critical when choosing a specific model: (1) single or multistage (Dutta, 1986; Velde and Vasseur, 1992) , (2) first or higher order kinetics (Dutta, 1986; Pytte and Reynolds, 1989; Huang et al., 1993) , (3) the presence of dissolved species such as K * (Pytte and Reynolds, 1989; Huang et al., 1993) , or (4) whether it uses a fixed or a range of activation energies (Wei et al., 1996) . However, to apply the smectite-to-illite reaction as a calibration tool, the influence of the initial composition of I-S must also be taken into account.
The purpose of this study is to illustrate the influence of paleoclimate, specifically different weathering conditions, in generating different starting compositions of I-S mixed-layer clay minerals of continental sediments and to show how these primary differences affect the rate of later transformation of I-S minerals during burial.
GEOLOGIC SETTING

Interior Oman Sedimentary. Basin
The Sultanate of Oman occupies the southeastern corner of the Arabian Peninsula. The Interior Oman Sedimentary Basin (IOSB) is a low-altitude desert area bounded by the Huqf-Haushi axis, a NNE-to SSWrunning anticlinorium in the east and by the NE-SW oriented Jabal Qara arch in the south. In the north, the basin is bordered by the Oman Mountains. To the west, the basin grades into the Rub al Khali Basin of Saudi Arabia (Figure 1 ). Unlike the intensely studied geology of the Oman Mountains, relatively little is published on the geology of the interior (Tschopp, 1967; AI-Marjeby and Nash, 1986; Hughes Clarke, 1988; Levell et al., 1988; Visser, 1991; Loosveld et al., 1996; Mitlson et al., 1996) .
The sedimentary sequence within the IOSB reflects the basin's complex tectonic history which evolved in (1996) . six stages (Loosveld et al., 1996) . Stage I represents the Pan-African accretion of the Precambrian basement. Stages II and III, Early Proterozoic to Ordovician, cover two rifting cycles, followed by epeirogenesis and uplift from Late Silurian to Mid-Carboniferous with the general absence of sedimentation. The Late Carboniferous to Mid-Cretaceous stage IV is marked by the breakup of Gondwana and the development of the passive margin of the Arabian Plate. Stage V reflects the evolution of a foreland basin following the obduction of the Oman Mountains in the northern part of the basin during Late Cretaceous. The Tertiary stage VI is controlled by rifting in the Gulf of Aden in the south and the completion of the mountain-building process in the north, leading to relatively quiet conditions in the basin. From its deposition at the beginning of stage III onwards, episodic subsurface flow and dissolution of the Ara Salt modified the internal configuration of the IOSB (Loosveld et al., 1996) .
Haushi Group sediments
At the base of the Haushi Group, the most important hiatus (Figure 2 ) is located within the sedimentary sequence, reflecting the final phase of the Pan-African tectonic events, which affected Oman during most of the Upper Silurian to Lower Devonian (A1-Marjeby and Nash, 1986). Middle Devonian to Lower Carboniferous strata are also absent from the basin, possibly due to Hercynian uplift and erosion (Hughes Clarke, 1988; Husseini, 1992) .
The predominantly clastic Haushi Group is divided into two units: the lower A1 Khlata Formation and the upper Gharif Formation (Figure 2 ). The conglomerates, pebbly sandstones, sandstones, siltstones, shales, and diamictites of the AI Khlata comprise a great variety of lithofacies with extreme lateral and vertical variability due to its glaciogenic origin. This variability arises from the irregular substratum of the Upper Figure 3 . Burial history for the base of the Gharif/top of the AI Khlata Formation in wells X, R, F and K (for locations see Figure 1 ), Haima Group, which was caused by salt tectonics of the Cambrian Ara salt (Braakman et al., 1982; De la Grandville, 1982; Levell et al., 1988) . Only the uppermost unit of the A1 Khlata Formation, the lacustrine Rahab Shale, provides a basin-wide correlatable horizon (Hughes Clarke, 1988) . The A1 Khlata is characterized by a variable sediment thickness ranging from 0 to >1000 m. These sediments have been dated as late Westphalian to early Sakmarian (Besems and Schuurman, 1987) and are mainly of continental origin.
The Gharif Formation, subdivided into a Lower, Middle and Upper member (Focke and van Popta, 1989; Mercadier and Livera, 1993) , has been dated by palynomorphs to be of late Sakmarian to Artinskian age (Besems and Schuurman, 1987) . Except along the northern and southeastern rim of the IOSB, the Gharif Formation is characterized by a sediment thickness varying from 200 to 350 m. The Lower Gharif consists of a transgressive coastal plain siliciclastic sequence which is replaced in the salt basins by a marine siliciclastic-bioclastic-oolitic limestone. The Middle Gharif contains a fining-upward sequence of crossbedded sandstones interbedded with red-brown mottled siltstones and mudstones with strong calcrete development and root traces, followed by a basin-wide mudstone with less calcrete development and poorly preserved depositional textures. The Upper Gharif is composed of a multistory, coarse-grained sand sheet, grading into a fine-grained, fining-upward sand body embedded in red-bed paleosols towards the north and the Rub A1 Khali Basin.
Following deposition of the siliciclastic Haushi Group, a widespread transgression across the northeastern margins of the Arabian Plate, caused by climatic warming, led to the deposition of the predominantly carbonate Akhdar Group (Kashfi, 1992; Alsharhan, 1993) .
Paleoenvironmental reconstructions show that the A1 Khlata has sediments of glacio-lacustrine, glaciofluvial, and locally glacio-marine origin. The sediments were deposited during several advances and retreats of ice sheets during Late Paleozoic Gondwana glaciation. The Rahab Shale, a basin-wide lacustrine horizon, marks the onset of general warming. The shallow marine, coastal plain, and fluvial plain sediments of the overlying Gharif are the result of glacioeustatic sea level changes superimposed on a general eustatic sea level rise during Gondwana deglaciation (Guit et al., 1994) . Appearance of red-bed diagenesis, typical of semiarid to arid conditions (Walker, 1976) , within the Middle Gharif, is another clear indication for a general warming during Permian times in Oman.
Burial and thermal history
Decompacted burial curves for four wells, based on stratigraphic data from Petroleum Development Oman L.L.C. (PDO) for the base of the Gharif Formation, are shown in Figure 3 . The PetroMod software package was used for decompaction of the sedimentary sequence. This dynamic, deterministic forward two-dimensional simulator uses the finite element method (IES GmbH, 1994) . In general, the subsidence history can be divided into four time intervals, two of them characterized by high sedimentation rates and the other two by non-deposition.
After deposition, the area was characterized by a high sedimentation rate, which was more pronounced along the Oman-Saudi Arabian border than along the SE coast of Oman. Sedimentation ceased during Middle Triassic and a 60 Ma period of relative stability with little or no sedimentation followed. A new phase of sedimentation started at the end of Lower Jurassic time (--180 Ma). Again, more sediment was deposited along the Oman-Saudi Arabian border than towards the SE. This second phase of sedimentation continued until the Eocene, except in the SE region where deposition ended in the Upper Cretaceous. The variation in the present day burial depth of the Haushi Group sediments, which show a generally deepening trend from the outcrop area in the Huqf region towards the NW (Figures 1 and 3) , is the result of the regional variation in sedimentation rate and subsidence during the two phases of sedimentation.
Corrected present day borehole temperatures are available for many wells in the study area. In cases where no corrected temperatures exist, nearby wells were used to translate present-day burial depth into temperature values. Since no major uplift and erosion occurred in the northern part of the IOSB after deposition of the Haushi sediments (Figure 3 ), present temperatures are close to maximum burial temperatures. These findings are consistent with homogenization temperatures of late cements from different wells which show values only up to 15~ higher than present day temperatures (Hartmann, 1996) .
MATERIALS AND METHODS
Sampled materials
Material from 96 sandstone and 50 shale core samples of the Haushi Group were provided by PDO from 23 exploration wells situated in the northern part of the IOSB (Figure 1 ). Additionally, 15 sandstone and 14 shale samples were collected from shallow cores and from two locations in the outcrop area of the Haushi Group (Figure 1 ; Platel et al., 1994) . The sample depths for Haushi Group core material range from 14 to 4013 m.
Methods
For petrographic analyses, sandstone samples were impregnated with a high-temperature, blue-dyed epoxy resin. The polished thin sections were then stained for carbonate identification following the method of Dickson (1966) . All thin sections were point-counted (400 points) using an optical microscope.
X-ray diffraction (XRD) determined the K-feldspar content of bulk-rock samples. Powdered samples were mixed with LiF as an internal standard at a weightratio of 10: 1. Randomly-oriented samples were measured on a Philips PW-1710 diffractometer using CuKa-radiation. K-feldspar concentration was determined by comparing the ratio of the 27.5 ~ (K-feldspar) and 38.7 ~ (LiF) peaks in the sample with those of standards. The standard deviation was calculated from repeated (20) measurements of a standard mixture in which the amount of K-feldspar is <5%.
The analyses of clay minerals were performed on the <2 ixm fraction. To avoid mixing of detrital clay minerals with clay minerals from shale rock fragments (to 2 vol%), or illitic material from altered feldspar grains, the sandstones were not powdered but only gently disaggregated into individual detrital grains.
The crushed rock was dispersed by addition of sodium-metaphosphate in distilled water and separated in Atterberg settling tubes. The <2 p~m fraction was then concentrated with a centrifuge and the slurry was sedimented on glass slides. Samples were run both air dried and after ethylene glycol saturation on a computer controlled Philips PW-1710 diffractometer in step scan mode using Ni-filtered CuKa-radiation, 0.05 ~ and 3 s counting time per step. After data acquisition between 2-35 ~ the three regions, 2-11 ~ 14-20 ~ and 23-26 ~ were numerically decomposed into one to six symmetric Gaussian or Lorentzian peaks with help of "DECOMPXR", a computer program distributed by Lanson and Velde (1992) . Percent illite in I-S mixed-layer clay minerals was determined after Moore and Reynolds (1989) from the difference in ~ of the numerically decomposed I-S (001/002) and I-S (002/003) peak positions. Quantitative analysis of different clay minerals was performed with the method described by Moore and Reynolds (1989) using mineral intensity factors and peak intensities of the basal reflections from kaolinite (002), chlorite (004), illite (002), and I-S (002/003).
RESULTS
The clay mineral compositions of the A1 Khlata and Gharif samples are shown in Figure 4 . Generally, sandstones show a wider variety of clay mineral compositions than shales and the mean clay-mineral composition values for each unit are similar, as shown by the filled symbols in Figure 4 . Compared to sandstones, the mean clay-mineral compositions in shales show a higher relative abundance of illite and I-S mixed-layer clay minerals. For both lithologies of the A1 Khlata and Lower Gharif samples, a depth-related trend is also observable. Samples from >3 km are characterized by a higher abundance of illite and I-S mixed-layer clay minerals. This phenomenon is due to illitization (e.g., kaolinite illitization), which was pos- itively identified only in samples from the depth >3 km (Hartmann et aI., 1999) . Figure 5 shows XRD traces typical of the < 2 p~m fraction of Hanshi Group sediments. The increase in illite layers in I-S is documented by the shift of both I-S peaks in the range of 8-11 ~ and 15-17.7 ~ Separating the samples into the three stratigraphic units, A1 Khlata, Lower Gharif, and Upper+Middle Gharif (Figure 6 ), reveals that the starting composition of the I-S contains a higher percentage of illite layers for A1 Khlata samples compared to samples from the Upper+Middle Gharif, with the Lower Gharif I-S composition between. In addition, the rate of increase of percent illite in I-S with depth is clearly different for the three units. In the case of the Upper+Middle Gharif unit (Figure 6 ), a considerable degree of heterogeneity in the lowest temperature range exists, probably reflecting a range of initial compositions of detrital I-S during and after deposition of the sedi- Figure 6 . Composition-temperature relations for sandstones (triangles) and shales (crosses) for the A1 Khlata, Lower Gharif and Upper+Middle Gharif units. Note that the starting composition and the depth/temperature trend of illite layers in the I-S mixed-layer clay minerals depends on the stratigraphic unit. The gray area highlights the isothermal reaction z o n e . merits (Pollastro, 1990) . A drastic increase of percent illite in I-S occurs in the temperature interval between 60-80~
The observed trend can be interpreted as an S-shaped composition-temperature relation with a starting composition of about 20% illite in the I-S minerals. Such a transformation trend is typical for Tertiary Gulf Coast sandstones (Boles and Franks, 1979; Bruce, 1984) , but was also recognized in older sediments, such as the Mississippian in the Anadarko Basin, Oklahoma (Weaver and Beck, 1971) . The composition-temperature trend for the Lower Gharif can be interpreted similar to the Upper+Middle Gharif, with the exception of a starting composition of -5 0 % illite in the I-S mineral. In contrast, the A1 Khlata unit 
Illite Layers in I-S (%) Figure 7 . K-Feldspar content versus illite layers in I-S clay minerals of sandstones from the A1 Khlata, Lower Gharif and Upper+Middle Gharif units. Note that the majority of sandstones contains K-feldspar even in samples where the illitization of I-S mixed-layer clay mineral has taken place.
exhibits the smallest increase of percent illite in I-S with increasing temperature, shown by the linear correlation with a starting composition of -60% illite in I-S. A comparable trend was described by Gharabi and Velde (1995) for the Paleozoic Illinois Basin, where the authors explain the high illite content in I-S minerals at the surface by a significant basin inversion, with erosion of overlying sediments exposing previously deeper buried samples. Both the burial history of the study area (Figure 3) , and the close vertical spacing between the three units with no erosional boundaries, excludes basin inversion as the cause for the higher percent illite in I-S in the A1 Khlata and the Lower Gharif Formations. Although the data points show a large scattering even for a specific unit, bulk-rock XRD analysis of the sandstones from all three units suggests a decrease in K-feldspar content with increasing illite layers in the mixed-layer clay minerals (Figure 7 ). This decrease is similar for all three units, albeit there is a large difference in starting composition of the I-S mixed-layer clay minerals.
INTERPRETATION
To understand the three different trends in the transformation of smectite to illite in I-S mixed-layer clay minerals with increasing depth or temperature, the controlling factors of the transformation need to be considered. For clarity these factors have been grouped as (1) physical: temperature, time, and pressure; (2) chemical: potassium availability, fluid and rock composition, rock/water ratio of the sediments, and presence of organic matter and, (3) depositional environment: starting composition of the I-S mixedlayer clay mineral and weathering conditions.
Physical factors
The physical factors time, temperature, and pressure are controlled by the age and subsequent burial history of the sediments studied. Final deposition of the uppermost Gharif sediments is dated at the end of Artinskian time, --20 Ma after final deposition of A1 Khlata sediments during Lower Sakmarian time (Figure 2 ; Besems and Schuurman, 1987) . This difference in age of deposition is negligible compared to the -280 Ma duration of burial diagenesis of the Haushi Group (Figure 3 ).
Temperature and pressure during burial diagenesis are a function of the burial history of the sediments (Figure 3 ). Since there is no hiatus or tectonic event between deposition of the Gharif and A1 Khlata Formations, they share an identical burial history resulting in comparable thermal and pressure histories. These similarities do not indicate any significant differences in the physical factors during burial diagenesis of the two formations. Thus, physical factors are not thought to be the causes for the observed differences in the starting composition and the depth/temperature trends of I-S mixed-layer clay minerals.
Chemical factors
The chemical factors (potassium availability, fluid and rock composition, rock/water ratio, and presence of organic matter) are reflected in the detrital composition and the paragenetic sequence. The detrital composition was determined for 255 sandstone samples with grain sizes ranging from coarse to fine.
Monomineralic and polycrystalline quartz (6%-98%), plagioclase and K-feldspar (2%-49%), and various rock fragments (to 90%) are the main detrital components of the sandstones. Detrital mica is only a minor component (<5%) and present over the whole depth range. The samples plot in a Q-F-RF diagram (McBride, 1963) mainly in the quartzarenite, subarkose and arkose fields (Figure 8 ). Samples with > 10% rock fragments are the exception; these are mainly sandstones containing reworked caliche clasts (Upper+Middle Gharif) or sandstones from the A1 Khlata Formation in the outcrop area. The relatively high mineralogical maturity of the Lower Gharif and A1 Khlata sandstones is partly due to the inferred source, e.g., continental block, and partly caused by dissolution of geochemically unstable feldspars and rock fragments during burial diagenesis (Hartmann, 1996) . The higher average feldspar content of the Upper+Middle Gharif points to a multi-origin of the Gharif sandstones, including reworked older units (e.g., Haima, HuqD and A1 Khlata sediments (Silva et al., 1996) . Both the intra-plate position of the Sultanate of 9 during Upper Paleozoic times (Loosveld et al., 1996) The two source areas marked are from Dickinson (1985) .
origin for the majority of the sandstone material (Figure 8) . Diagenetic alterations of the sandstones within the Gharif Formation (Hartmann, 1996) and A1 Khlata Formation (Ramseyer, 1983; Hartmann et al., 1999) were studied. Because of the similar burial history, the burial diagenetic alterations are comparable within the generalized paragenetic sequence for the two formations ( Figure 9 ). Eogenetic alterations, reflecting the near-surface conditions during and shortly after deposition of the sandstones, vary significantly. Gharif sandstones of the Upper and Middle units contain in situ caliche and detrital grains with tangential clay rims and hematite. These early features are indicative of semiarid to arid conditions during sedimentation (Walker, 1976; Wright, 1992) . They are not present in the glaciogenic, continental A1 Khlata Formation (Ramseyer, 1983; Hartmann et al., 1999) .
The bulk-rock XRD analysis of the sandstones revealed that the vast majority have detectable amounts of K-feldspar even at depths >4 km (or >130~ present day burial temperature) where I-S mixed-layer clay minerals contain >80% illite layers (Figures 6  and 7) . Thus, K-feldspar is present at depths where the transformation of I-S mixed-layer clay minerals is practically complete. This observation implies that potassium availability was similar in all three stratigraphic units during burial and therefore can be ruled out as a source for the different trends at shallow burial ( Figure 6 ).
In each depositional environment, glaciogenic for the A1 Khlata Formation and semiarid to arid for the Gharif Formation, little organic matter was present after deposition because of either an initially low level caused by unfavorable climatic conditions (glaciogenic) or oxidation as revealed by the red color of the sediments typical for semiarid to arid conditions (Walker, 1976) . Input of organic material during hydrocarbon migration in the subsurface, a second source for organic acid anions, is similar for both formations (Grantham et al., 1987) .
The data presented suggest that the above chemical factors were comparable for the three stratigraphic units. Thus, the observed differences in the starting composition and depth/temperature trends of illite layers in I-S mixed-layer clay minerals are not caused by marked differences in chemical factors.
Environmental factors
Other possible causes for the variable starting composition and the resulting difference in the three trends of the I-S mixed-layer clay minerals may be variable source material and the climatic conditions during weathering, transport, and deposition.
Petrographic information from thin sections together with evidence from paleoenvironmental reconstructions show that the Gharif sandstones contain reworked A1 Khlata material (Silva et al., 1996) with few additional clasts derived from older Paleozoic and Proterozoic rocks of south Oman. The source of the A1 Khlata material is more difficult to explain. The general S-N and SE-NW orientation of meltwater channels in south Oman (Heward, 1990; Silva et al., 1996) indicates that the main source for the A1 Khlata material was Proterozoic basement and Paleozoic siliciclastic sediments from south Oman and neighboring 9. al., 1999) . 
AL KHLATA
Generalized paragenetic sequence for the Gharif Formation and the A1 Khlata Formation sediments (Hartmann et Yemen. Additional reworked Paleozoic sandstones and shales may be derived locally from the Huqf-Haushi High and the proposed SE-prolongation of Arabia, the paleo-highland at the western end of the Lut block (Husseini, 1992) . The geological history of the southern part of Oman, an important primary source area for the A1 Khlata Formation and the Gharif Formation, is known to some extent (Sykes and Abu-Risheh, 1989; Visser, 1991) . Burial history curves show that Late Proterozoic, Cambrian, and Ordovician sediments were rapidly buried to almost 4000 m, then uplifted by the final phase of the Pan-African tectonic events which affected Oman during most of the Upper Silurian to Lower Devonian times (A1-Marjeby and Nash, 1986) ( Figure 10 ). Furthermore, Middle Devonian to Lower Carboniferous strata are missing in the basin, possibly related to Hercynian uplift and erosion (Hughes Clarke, 1988; Husseini, 1992) . These phases of tectonic uplift brought sediments of the Huqf and Haima Groups to the surface, where they were eroded and reworked into the A1 Khlata sediments (Figure 10 ). The deep burial of the proposed detrital source for the A1 Khlata Formation is most likely the cause of the high content of illite layers in the I-S mixed-layer clay minerals still present in the surface samples of the A1 Khlata Formation. This interpretation is in accordance with implications from paleolatitude reconstructions (Hughes Clarke, 1990; Beydoun, 1991) , which show a rapid northward drift for Oman during Haushi deposition, bringing it from 50 ~ south at the end of the Carboniferous to close to the equator at the end of Permian time (Figure 11 ). The colder climatic conditions during A1 Khlata deposition, resulting from the southern position and the Gondwana glaciation (Beydoun, 1991; Husseini, 1992) , and thus the less pronounced intensity of chemical weathering, support an inherited illite-rich composition of the 1-S mixedlayer clay minerals. The rapid warming and change from a cold to a semiarid/arid climate during deposition of Haushi sediments, as confirmed by palynology (Love, 1994; Broutin et al., 1995) , are again in accordance with the observed decrease of illite layers in the starting composition of I-S mixed-layer clay minerals from the base to the top of the Haushi Group ( Figure  6 ). Illite weathering might be the key to understand the observed pattern of the widespread starting composition of I-S mixed-layer clay minerals in the Haushi Group sediments.
lllite weathering
Weathering of illite to smectite is a multistage chemical process (Figure 12 ), whereby the smectitization occurs through intermediate I-S mixed-layer clay mineral phases (Thorez, 1989) . In a Si-rich environment with moderate or low leaching combined . Burial history for south Oman, one of the proposed source areas for the detritus of the Haushi Group sediments (after Sykes and Abu-Risheh, 1989; Visser, 1991) . Note that the proposed sources, the Huqf and the Haima Groups, were rapidly uplifted from deep burial and continuously eroded. with low drainage, smectite will be the final phase. The intensity of weathering largely determines if illite decomposes to smectite or to an intermediate I-S mixed-layer phase (Thorez, 1989) . In soil environments, this often leads to a very complex assemblage of I-S mixed-layer clay minerals (Velde, 1992) . In soils from cold and temperate climates, such as those found during the deposition of A1 Khlata sandstones, rates of weathering reactions tend to be reduced. This is generally the result of both the temperature dependence of the rate constants, and the effect of organic acids derived from plant material (Ugolini and Sletten, 1991) . Weathering in cold areas is quite distinct from other climates, and a common result is the formation of interstratified clays (Righi and Meunier, 1995) . Climatic changes leading to semiarid to arid conditions during Middle and Upper Gharif time, with only moderate leaching due to the scarcity of water, still favor smectitization. Weathering conditions during the Lower Gharif were somewhere between the conditions described for the A1 Khlata and Upper+Middle Gharif.
Clays and Clay Minerals
~] SMECTITISATION PROCESS
The influence of illite weathering on the I-S mixedlayer clay mineral composition is clearly evident in the starting composition found in the surface samples of the three Haushi Group units: A1 Khlata, Lower Gharif, and Middle+Upper Gharif, with 60, 50 and 20% illite layers in I-S mixed-layer clay minerals, respectively ( Figure 6 ). In addition, the pronounced difference in the starting composition is visible in samples down to 80~ present day burial temperatures, as indicated by the three distinct composition-temperature trends of the I-S mixed-layer clay minerals. Above this temperature, the composition-temperature trends of the I-S mixed-layer clay minerals are identical for the three units. The effect of changing primary composition of illite through changes in the weathering conditions is thus clearly recognizable in shallow buried sediments where the temperature did not exceed 80~ (Figure 6 ).
CONCLUSIONS
Evidence from the sample composition, paragenetic sequence, and the burial and thermal history excludes potassium availability, temperature, time, pressure, rock/water ratio of the sediments, fluid and rock composition, or the presence of organic acid anions as likely causes for the differences in the starting composition and the composition-temperature trends of I-S mixed-layer clay minerals in the Haushi Group sediments. As a consequence, the most plausible cause for the observed compositional trends is that these sediments had a wide range of starting compositions in the I-S mixed-layer clay minerals. Furthermore, since the AI Khlata and the Gharif Formations share a comparable primary mineralogical composition, differential weathering, caused by a pronounced change of climate during deposition, is the most likely reason for the wide range in starting compositions.
This climatically induced compositional variability in the lower-temperature range must be considered when using I-S minerals for calibration in thermal modeling. In addition, the initial compositional variability of I-S mixed-layer clay minerals also affects the calculated amounts of water and ions released during illitization of I-S and their effect on burial diagenesis.
